Background-The detection and differentiation of intracardiac masses is still challenging and may include neoplasms and thrombi. The aim of this study was the investigation of a targeted, fibrin-specific contrast agent (EP-2104R) for molecular targeted magnetic resonance imaging (MRI) of left atrial clots. Methods and Results-Chronic human thrombi were surgically implanted in the left atrial appendage of 5 swine.
T ransesophageal echocardiography is well established for visualization of intracardiac masses. However, exclusion or detection of left atrial thrombi can be hampered because of dense, spontaneous echo contrast. 1, 2 Accurate detection or exclusion of atrial clots is needed in patients with a history of thrombembolic stoke and before cardioversion. [1] [2] [3] Magnetic resonance imaging (MRI) has been shown to be superior for noninvasive imaging of intracardiac and paracardiac masses. 4 -6 Typically, the mass (eg, tumor or clot) can be delineated from the blood pool by different signal properties on standard cardiac-triggered spin-echo, gradient-echo, or steady-state free-precession sequences. However, the signal of the mass can be similar to that of myocardium, 7, 8 which may complicate detection of a thin thrombus layer or small thrombi in the left atrial appendage with its trabecular structures. 1 Hence, more selective MRI of cardiac thrombi would be very valuable. In the present study, we investigated the potential of a novel, targeted, fibrin-specific MR contrast agent (EP-2104R, EPIX Pharmaceuticals, Cambridge, Mass) 9 for molecular MRI of human atrial clots in a swine model.
Methods

Animal Model
Noninvasive molecular MRI of atrial clots was performed in 5 healthy, domestic swine (48 to 52 kg) according to a protocol approved by the German government committee on animal affairs. After premedication with 0.5 mL atropine IM, 0.2 mL azaperone IM per kilogram of body weight, and 0.1 mL ketamine IM per kilogram of body weight, an aqueous solution of pentobarbital (1:3, vol/vol) was administered into an ear vein as needed. The animals were intubated, and mechanical ventilation was maintained throughout the entire experiment. Before surgery, 0.3 mg buprenorphine IM was given, and an infusion of 0.1 mg fentanyl/h was started.
Open-chest surgery on the beating heart was performed after left lateral thoracotomy (with the animal in the right lateral position). After pericardiotomy to expose the left atrium, the left atrial appendage was clamped, allowing for an Ϸ10-mm-long atriotomy. Fragments of human chronic clots (243Ϯ133 mg with ages between 4 weeks and 1.5 years) previously removed from patients during aortic aneurysm repair (nϭ2) or extraction from a vena cava thrombus (nϭ3) were then placed in the left atrial appendage and secured at one end to the left atrial wall by a suture (Prolene, Ethicon Inc). Subsequently, the incision was closed and heparin was given to avoid additional clotting.
Magnetic Resonance Imaging
All studies were performed with a 1.5-T Gyroscan Intera whole-body MR system (Philips Medical Systems). A 4-element, wrap-around, phased-array coil was used for signal reception. All animals were examined in the supine position.
Molecular MRI Sequence
MRI of the left atrium consisted of a navigator-gated, free-breathing, cardiac-triggered, inversion-recovery and fat-suppressed 3D blackblood, gradient-echo sequence. 9, 10 Sequence parameters include a repetition time of 4.6 ms, echo time of 1.4 ms, flip angle of 30°, field of view of 320ϫ320 mm, and a 256ϫ256 matrix reconstructed to 0.6ϫ0.6 mm in-plane resolution. For optimized contrast enhancement between the thrombus and surrounding tissue and blood pool, heart rate-specific inversion times were used. Suppression of intrinsic cardiac motion artifacts was obtained with use of a brief (56 ms, 12 excitations per R-R interval) data acquisition window during late diastole. Thirty-two slices with two 2-mm thicknesses (including zero filling in the z direction) were acquired with a transverse and a double-oblique (along the left atrial appendage) imaging plane. Positioning of the 3D imaging volume was obtained from a previously described 3D steady-state free-precession white-blood scout scan. 11 For respiratory motion artifact reduction during free breathing, prospective real-time, navigator gating was used with the navigator beam positioned on the right hemidiaphragm. A gating window of 5 mm was applied. Because the inversion pulse in the inversionrecovery black-blood sequences may reduce navigator performance, a local navigator restore pulse was added. 12 This allowed for high navigator performance, with navigator efficiency always Ͼ50% while maintaining correct navigator position detection.
Fibrin-Specific Contrast Agent
The fibrin-specific MR contrast agent EP-2104R (EPIX) is composed of a small peptide with 4 Gd-chelate moieties. 9 Similar to EP-1873, a former generation of this compound, it binds selectively to fibrin without binding to circulating fibrinogen. 13 EP-2104R (15 mmol/L in saline) was infused over 3 minutes for a dose of 4 mol/kg.
Description of Experiments and Data Analyses
After surgical implantation of the chronic clots into the left atrium, the swine were transferred to the MR unit. The molecular MRI sequence (both orientations) was performed before and 1.5 hours after contrast agent injection. 10 Because the time slot for the experiment after surgery had to be kept as short as possible, no further sequences (eg, cine sequences) could be performed before contrast agent administration.
MR images were analyzed by 2 radiologists in consensus. Localization of the readily visible clot was recorded and compared with subsequent findings at autopsy. Signal analyses included determination of contrast-to-noise ratio (CNR) between the clot and the surrounding blood pool/myocardium. The regions of interest were placed manually on the postcontrast images and then copied into the precontrast images. CNR was calculated as CNR (clot/blood pool) ϭ[signal (clot) Ϫsignal (blood pool) ]/ SD (air) and CNR (clot/myocardium) ϭ[signal (clot) Ϫsignal (myocardium) ]/SD (air) . The SD of the signal in air [SD (air) ] was determined in a region of interest outside the chest. CNR values of precontrast and postcontrast images were compared with a paired, 2-tailed Student t test. A probability value of Ͻ0.05 was considered significant. After MRI, the animals were euthanized, and clots were removed to allow assessment of Gd concentration. Gd concentrations were measured by inductively coupled plasma-mass spectrometry. 9, 10 
Results
In all pigs (nϭ5), clots were successfully implanted by surgery into the left atrium, and molecular MRI was performed before and after intravenous contrast agent administration.
Before contrast agent injection, clots could not be observed on the black-blood MR images (Figure 1 ). After injection of EP-2104R, all 5 clots were seen as high-signal-intensity spots, whereas the signal from surrounding tissue was suppressed (Figures 1 and 2 ). In 4 of 5 cases, clots were located next to the atrial wall, and in the remaining case, the clot was located more in the lumen of the left atrium because of the longer suture that had been used for fixing the clot (Figure 2 ). Respective localization of clots matched the findings seen at autopsy.
CNR measurements yielded a highly significant increase in CNR after contrast agent application (CNR clot/blood pool, 1.5Ϯ6.3 versus 29.7Ϯ8.0; CNR clot/myocardium, 2.9Ϯ5.1 versus 27.7Ϯ9.4; PϽ0.05). The average Gd concentration found in the clots (nϭ5) was 74Ϯ45 mol/L.
Discussion
In the present study, selective molecular MRI of implanted chronic left atrial clots in vivo was established with the use of systemic (intravenous) administration of a fibrin-specific contrast agent, EP-2104R. With this contrast agent, a high local Gd concentration in the clots was achieved, allowing for selective visualization of the clots with a high signal (white spots) on MRI. With the current technique, a new molecular contrast agent for direct visualization of thrombus formation was enabled, extending former MRI techniques that have used the (lower) intrinsic contrast between the clot, myocardium, and the blood pool. 1, 4, 6, 8 The detection of left cardiac masses and especially thrombi is important in patients with thrombembolic diseases such as stroke. Because even small clots may be the origin of emboli, highly sensitive detection of clots is mandatory. Furthermore, accurate exclusion of any clot is required before cardioversion. 3 Transesophageal echocardiography has been shown to be superior when compared with transthoracic echocardiography to detect thrombi. However, dense, spontaneous echo contrasts may reduce image quality. 2 Therefore, MRI has been used for improved 3D visualization of cardiac masses. Typically, the intrinsic contrast between the mass or clot and the blood pool is used. 4 However, signal properties of cardiac masses may be similar to those of myocardium on conventional sequences, 1,7 which may hamper detection of smaller clots, especially in the trabecular-rich, left atrial appendage. 1 Currently, there are no data available that clearly show that transesophageal echocardiography or MRI confidently rule out all clots, including such small thrombus layers.
With the present molecular MRI technique, a novel (selective) high-contrast visualization of left atrial clots was enabled. Both the blood pool and the atrial wall are signal suppressed. Such contrast may be very helpful especially in the detection of smaller clots in the left atrial appendage. Furthermore, such contrast may support the differentiation of clot, neoplasm, or appositional thrombus on masses when compared with results obtained with conventional MRI techniques. 1, 6, 8 In addition to examination of patients before cardioversion or with thrombembolic stroke with an embolus of unknown origin, further potential indications for molecular MRI of clots may include selective visualization of the embolus itself (ie, embolic occlusion of the cerebral artery in patients with stroke) or the detection of other potential origins of embolism, such as a ruptured (carotid) plaque 13, 14 or thrombi from coronary plaque rupture. 14 In our model, we implanted chronic human clots that had been removed from patients with aortic aneurysm or vena cava thrombosis. The use of human clots more closely resembles routine clinical use, because binding of the targeted contrast agent was optimized to human fibrin. Furthermore, fresh clots are difficult to fix in the left atrial appendage by surgery. Because clots in the left atrium may be of different ages and more recent apposition of the thrombus may carry a higher risk for an embolic event, molecular targeted MRI of clots should allow detection of all of them, independent of age. Because both recent and chronic clots have a high fibrin content, 15 fibrin-specific EP-2104R is expected to bind to clots of different ages. The potential of EP-2104R for selective, targeted MRI of fresh, human clots has been recently demonstrated, 10 whereas in the present study, selective visualization of chronic human clots was shown. The potential of EP-2104R for selective MRI of clots independent of age is a major advantage compared with other MRI sequences, which use the intermittent appearance of hemoglobin breakdown products for contrast. 8, 16, 17 During the past decade, a small number of other thrombustargeting agents have been developed, such as nanoparticles and ultrasmall iron oxide particles. 18, 19 However, sufficient local concentration and successful chest MRI in a human-size animal have not, to our knowledge, previously been reported. Furthermore, those agents may be less likely to come into clinical use because of safety issues. 20 Although the study compound rapidly clears from the blood pool, carefully performed safety studies in humans are needed because prolonged binding to fibrin has been shown. 13 Furthermore, although not seen in our animal studies, binding to other surfaces may need to be considered.
With fibrin-targeted EP-2104R, the clot is selectively visualized while the signal of the surrounding tissue (blood and myocardium) is suppressed. With such a selective and high-contrast ("white spot") imaging approach, the required spatial resolution for detection of smaller clots is less critical. 9 For example, in the lungs, clots as small as 15 g could be detected. 10 However, the potential of this new approach for the detection of very small atrial clots in patients remains to be investigated and must be compared with conventional (lower spatial resolution) MRI sequences, like spin-echo and cine sequences or those used for myocardial late enhancement imaging. The latter is performed after administration of a standard contrast medium and allows visualization of thrombi as an avascular area. 7, 21 
Limitations
In the present study, only a small number of animals were investigated. Furthermore, molecular MRI was performed Ϸ1.5 hours after contrast agent injection to allow its wash-out from the blood pool. Earlier scanning may be compromised by suboptimal signal suppression of the blood pool and would require careful adjustment of inversion time. 10 However, prolonged delay between contrast medium administration and MRI may complicate clinical routine. The optimal dosage and time of imaging in patients remain to be investigated. Furthermore, the superiority of this new approach compared with other imaging techniques must be shown in patients in a clinical setting.
Conclusion
The fibrin-specific MR contrast agent EP-2104R allows selective and high-contrast visualization of chronic human clots in the left atrium by means of molecular targeted MRI.
